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
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7RZDUG DFFXUDWH WLVVXH FKDUDFWHUL]DWLRQ XVLQJ GXDO HQHUJ\ &7 IRU
SDUWLFOHWKHUDS\EHDPGRVHFDOFXODWLRQ
$%RXUTXH-&DUULHU+%RXFKDUG
&HQWUH KRVSLWDOLHU GH O
8QLYHUVLWH GH 0RQWUHDO 5DGLRRQFRORJLH
0RQWUHDO&DQDGD
1DWLRQDO 3K\VLFDO /DERUDWRU\ $FRXVWLFV DQG 5DGLDWLRQ 'RVLPHWU\
7HGGLQJWRQ8QLWHG.LQJGRP

3XUSRVH2EMHFWLYH7KHDFFXUDF\RIUDGLRWKHUDS\GRVHFDOFXODWLRQUHOLHV
RQWKHDFFXUDF\RISDWLHQWFRPSRVLWLRQGDWDHJHOHFWURQGHQVLW\('
DQG HIIHFWLYH DWRPLF QXPEHU ($1 7KH JRDO RI WKLV ZRUN LV WR
GHPRQVWUDWH WKDW RQFH LPSURYHG WKH VWRLFKLRPHWULF PHWKRG RI
6FKQHLGHUHWDOIRUFRQYHQWLRQDO&7VFDQQHUVFDQEHH[WHQGHGWR
GXDO HQHUJ\&7 '(&7 DQG \LHOG KLJKHU DFFXUDF\ LQ GHWHUPLQLQJ WLVVXH
SDUDPHWHUVDQGSURWRQDQGOLJKWLRQEHDPUDQJHVDVFRPSDUHGWRFXUUHQW
PHWKRGVIRXQGLQOLWHUDWXUH

0DWHULDOV DQG0HWKRGV$PDWKHPDWLFDO IRUPDOLVP LV GHYHORSHG EDVHG
RQDSDUDPHWUL]DWLRQRIHOHFWURQLFFURVVVHFWLRQVXVLQJWKHH[SDQVLRQRI
0LGJOH\  8VLQJ D WKHRUHWLFDO IUDPHZRUN EDVHG RQ WKH ;&20
SKRWRQ FURVV VHFWLRQ GDWDEDVH DQG ,&53 KXPDQ WLVVXH FRPSRVLWLRQV
 WKH VHOIFRQVLVWHQF\ RI WKH PRGHO DOORZV WKH H[SDQVLRQ RI
6FKQHLGHU HW DO·VPHWKRG WR '(&7 0HDVXUHPHQWV DUH SHUIRUPHGZLWK
WKH 6LHPHQV '(&7 6LHPHQV 620$720 'HILQLWLRQ )ODVK DW XVLQJ D
*DPPH[ WLVVXH FKDUDFWHUL]DWLRQSKDQWRP$PDWKHPDWLFDO UHODWLRQ
EHWZHHQ WKH LRQL]DWLRQ SRWHQWLDO ,YDOXH DQG WKH HIIHFWLYH DWRPLF
QXPEHU &KDQJHU SRXU ($1 LV GHWHUPLQHG IRU ,&53 FRPSRVLWLRQV

5HVXOWV8VLQJ WKH '(&7 VWRLFKLRPHWULF FDOLEUDWLRQPHWKRGPDSV RI ('
DQG ($1 RI WKH *DPPH[ SKDQWRP DUH GHWHUPLQHG ZLWK DQ DYHUDJH
DFFXUDF\ RI  DQG  UHVSHFWLYHO\ ,YDOXHV RI
WKHSKDQWRPDUHGHWHUPLQHGZLWKDQXQFHUWDLQW\RIXVLQJ
WKH HVWDEOLVKHG PDWKHPDWLFDO UHODWLRQ OHDGLQJ WR H[SHFWHG FOLQLFDO
XQFHUWDLQWLHV LQSURWRQVWRSSLQJSRZHU 0H9RI RYHU
DOOKXPDQWLVVXHV$WWKHUDSHXWLFHQHUJLHVWKHXQFHUWDLQW\LQWKHUDQJH
RISURWRQVDQGFDUERQLRQVGHWHUPLQHGIURPWKH%HWKHIRUPXODLVIRXQG
EHORZPPDQGPPUHVSHFWLYHO\

&RQFOXVLRQV5HVXOWVFOHDUO\GHPRQVWUDWHWKDWWKHPHWKRGSUHVHQWHGLQ
WKLV ZRUN LV PRUH DFFXUDWH LQ GHWHUPLQLQJ WLVVXH SDUDPHWHUV IRU GRVH
FDOFXODWLRQ LQSURWRQDQG OLJKWLRQEHDPVWKDQWKDWIRXQG LQ OLWHUDWXUH
ZKLFK LV FXUUHQWO\ NQRZQ WR EH DERXW  PP IRU SURWRQV 3DJDQHWWL
 7KH XVH RI WKLVPHWKRG WR GHWHUPLQH FURVV VHFWLRQV IRU0RQWH
&DUORVLPXODWLRQVLV\HWWREHH[SORUHG
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+\EULG 0RQWH &DUOR GRVH DOJRULWKP IRU ORZ HQHUJ\ ;UD\V LQWUD
RSHUDWLYHUDGLDWLRQWKHUDS\
0 9LGDO 3 ,EixH] - &DO *RQ]iOH] 3 *XHUUD -0 8GtDV
8QLYHUVLGDG&RPSOXWHQVHGH0DGULG'HSDUWPHQWRI$WRPLF0ROHFXODU
DQG1XFOHDU3K\VLFV0DGULG6SDLQ
8QLYHUVLGDG 3ROLWpFQLFD GH 0DGULG 'HSDUWPHQW RI (OHFWURQLF
(QJLQHHULQJ0DGULG6SDLQ

3XUSRVH2EMHFWLYH /RZ HQHUJ\ ;UD\V ,QWUD2SHUDWLYH 5DGLDWLRQ
7KHUDS\ ;,257 WUHDWPHQW GHOLYHUHG GXULQJ VXUJHU\ H[ ,175$%($0
&DUO=HLVVDQG$[[HQW;RIWFDQEHQHILWIURPDFFXUDWHDQGIDVWGRVH
SUHGLFWLRQLQDSDWLHQW'YROXPH)XOO0RQWH&DUOR0&VLPXODWLRQPD\
EH WLPHFRQVXPLQJ >@ DQG WKHUHIRUH D K\EULG 0RQWH &DUOR WRRO ZKLFK
WDNHVLQWRDFFRXQWDOOWKHFRPSRQHQWVRIWKH;,257;UD\VXSWRNH9
ZDV GHYHORSHG ,W FRPSXWHV LQ D IDVW DQG VDWLVIDFWRU\ ZD\ WKH GRVH
GHOLYHUHG WR WKH SDWLHQW E\ D PRELOH DFFHOHUDWRU RI ;,257

0DWHULDOVDQG0HWKRGV$IHZIDVWDQDO\WLFDODOJRULWKPVWRFRPSXWHWKH
GRVH JLYHQE\;UD\V KDYHEHHQSUHYLRXVO\GHVFULEHGJHQHUDOO\GHDOLQJ
RQO\ ZLWK WKH SULPDU\ ;UD\ EHDP >@ $ K\EULG 0& FRPELQLQJ D
GHWHUPLQLVWLF UD\WUDFLQJ FRGH ZKLFK WDNHV LQWR DFFRXQW SKRWRHOHFWULF
LQWHUDFWLRQZLWKDILUVWLQWHUDFWLRQ&RPSWRQ0&HVWLPDWRUIRU;UD\VXS
WR  NH9 ZDV GHYHORSHG WR FRPSXWH GRVH LQ '&7 YROXPHV
([SHULPHQWDOGRVHGLVWULEXWLRQVLQZDWHUIRUHYHU\VSKHULFDODSSOLFDWRUV
IURPFPWRFPUDGLXVDVZHOODVWKHQHHGOHDSSOLFDWRU 
FP UDGLXV RI WKH ,175$%($0 DFFHOHUDWRU ZHUH HPSOR\HG WR ILW WKH
HQHUJ\VSHFWUDE\PHDQVRIDJHQHWLFDOJRULWKP>@7KHHQHUJ\VSHFWUD
ZHUH WKHQ LPSOHPHQWHG LQ WKHK\EULG0RQWH&DUORDOJRULWKP$EVRUEHG
GRVHGLVWULEXWLRQVZHUHWKHQVLPXODWHGLQZDWHUSKDQWRPDQGYR[HOL]HG
JHRPHWULHVYDOLGDWLRQSKDQWRPVSDWLHQW&7VFDQERWKZLWKSHQ(DV\>@
DQG RXU K\EULG 0& DOJRULWKP WR YDOLGDWH RXU WRRO LQ KRPRJHQHRXV DQG
KHWHURJHQHRXVFRQGLWLRQV

5HVXOWV'RVHGLVWULEXWLRQV FRPSXWHGE\ WKH IDVW K\EULG0& WRRODUH LQ
JRRG DJUHHPHQW PP ZLWK SHQ(DV\ IXOO VLPXODWLRQV LQ ZDWHU DQG
KHWHURJHQHRXVPHGLD7KHDOJRULWKPJLYHVDOVRDJRRGSUHGLFWLRQRIWKH
H[SHULPHQWDOGRVHGLVWULEXWLRQV LQZDWHUDQGFRPSDULVRQVWRPHDVXUHG
GDWD LQ KHWHURJHQHRXV SKDQWRPV DUH EHLQJ FDUULHG RXW 7KH SURSRVHG
DOJRULWKP PDNHV LW SRVVLEOH WR VLPXODWH SUHFLVH GRVH GLVWULEXWLRQV LQ
SDWLHQW '&7GDWDZLWKFRPSXWDWLRQ WLPHEHORZ VHFRQGV LQD VLQJOH
FRUHRIDPRGHUQ3&*+]FRPSDUHGWRWHQKRXUVZLWKSHQ(DV\$Q
H[DPSOHRI'GRVH FRPSXWDWLRQ LV VKRZQ LQ)LJXUHZKHUH WKHGRVH
GHOLYHUHGE\ WKH QHHGOH VXUURXQGHG E\ LWV DSSOLFDWRU LQ D YHUWHEUDO
WUHDWPHQWLVUHSUHVHQWHGRQWRSRIWKH&7LPDJH
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)LJXUH  'RVH GLVWULEXWLRQ GHOLYHUHG E\ WKH QHHGOH FRPSXWHG E\ WKH
K\EULG 0RQWH &DUOR DOJRULWKP LQ WKH WUDQVYHUVH FRURQDO DQG VDJLWWDO
SODQVRIDSDWLHQWVSLQDO&7VFDQ'RVHOHDNLQJFDQEHDSSUHFLDWHGLQWR
WKHOXQJDUHD

&RQFOXVLRQV7KHK\EULG0RQWH&DUORDOJRULWKPLVDIDVWDQGUREXVWWRRO
WRFRPSXWHDFFXUDWHGRVHGLVWULEXWLRQVLQSDWLHQWYR[HOL]HGJHRPHWULHV
7KHWRROLVEHLQJLPSOHPHQWHGLQ5DGLDQFH*096$6SDLQDSRZHUIXO
7UHDWPHQW3ODQQLQJ6\VWHPIRULQWUDRSHUDWLYHUDGLDWLRQWKHUDS\>@DQG
FDQEHXVHGIRUDQ\ORZHQHUJ\;UD\VLQWUDRSHUDWLYHUDGLDWLRQWKHUDS\
V\VWHP
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1DNDPXUD 6 ,WDVDND 7 0L]RZDNL 0 .RNXER 0 +LUDRND
.\RWR8QLYHUVLW\*UDGXDWH6FKRRORI0HGLFLQH'HSDUWPHQWRI5DGLDWLRQ
2QFRORJ\ DQG ,PDJHDSSOLHG 7KHUDS\ .\RWR -DSDQ
.\RWR&ROOHJHRI0HGLFDO6FLHQFH)DFXOW\RIPHGLFDOVFLHQFH6RQREH
-DSDQ
,QVWLWXWHRI%LRPHGLFDO5HVHDUFKDQG ,QQRYDWLRQ'LYLVLRQRI5DGLDWLRQ
2QFRORJ\.REH-DSDQ

3XUSRVH2EMHFWLYH &XUUHQWO\ IHZ FRPPHUFLDO WUHDWPHQW SODQQLQJ
V\VWHPV GRQ
W VXSSRUW LQWHQVLW\ PRGXODWHG G\QDPLF WXPRUWUDFNLQJ
LUUDGLDWLRQFDVHVHPSOR\LQJDJLPEDOHG;UD\KHDG7KHSXUSRVHRIWKLV
VWXG\ ZDV WR GHYHORS D QHZ ' GRVH FDOFXODWLRQ V\VWHP IRU LQWHQVLW\
PRGXODWHG G\QDPLF WXPRUWUDFNLQJ UDGLRWKHUDS\ ,0'757 E\ JLPEDOV
PHFKDQLVPLQ9HUR'57

0DWHULDOV DQG0HWKRGV ,Q WKHGRVHPHDVXUHPHQW D48$6$5SODWIRUP
SKDQWRP ZLWK ZDWHUHTXLYDOHQW SKDQWRP ZDV XVHG ('5 ILOP ZDV
LQVHUWHGDWFPGHSWKEHWZHHQZDWHUHTXLYDOHQWSKDQWRPV7KHQWKH
48$6$5 SODWIRUP SKDQWRP ZDV GULYHQ DW D IUHTXHQF\ RI +] ZLWK
DPSOLWXGH RI  PPLQ 6, GLUHFWLRQ7KH VWDWLF ,057 DQG ,0'757 ZHUH
SHUIRUPHGXVLQJDS\UDPLGVKDSHGILHOGZLWKILYHVHJPHQWDOILHOGVDQGD
FOLQLFDO ILHOG IRU D ,057 FDVH UHVSHFWLYHO\ 7KH SKDQWRP SRVLWLRQ
PHDVXUHGE\DODVHUGLVSODFHPHQWJDXJHURWDWLRQDODQJOHVE\WKH[UD\
KHDG08VDQGWKHWLPHZHUHUHFRUGHGLQDORJILOH
,Q WKH VLPXODWLRQ 09 SKRWRQ EHDP GHOLYHUHG E\ WKH 9HUR'57 ZDV
VLPXODWHG XVLQJ (*6QUF 7KHQ D SKDVHVSDFH GDWD DW DQ\ DQJOHV ZDV
FUHDWHG IURP ERWK WKH ORJ ILOH DQG WKH SDUWLFOH GDWD XQGHU WKH 0/&
)LQDOO\,0'757DVZHOODVVWDWLF,057ZDVVLPXODWHGE\SHUIRUPLQJGRVH
FDOFXODWLRQXQGHUWKHWDUJHWDQGWKH[UD\KHDGSRVLWLRQDWHDFKSKDVH
1H[WGRVHFDOFXODWLRQZDVSHUIRUPHGXVLQJWHQSKDVH&7ZLWKWKH[UD\
KHDG URWDWHG E\ WKH FRUUHVSRQGLQJ DQJOH IRU SDQFUHDV ,0'757
6XEVHTXHQWO\ GHIRUPDEOH LPDJH UHJLVWUDWLRQ EHWZHHQ WKH &7 DW WKH
LQWHUPHGLDWHSKDVHDQGDWRWKHUSKDVHVZDVSHUIRUPHGXVLQJ0,0YLVWDWR
DFFXPXODWH GRVH GLVWULEXWLRQ ,VRGRVH FXUYHV DQG '9+V RI WKH ,0'757
SODQDQGWKHVWDWLF,057SODQZHUHFDOFXODWHG

5HVXOWV 7KH DYHUDJHG GLIIHUHQFH EHWZHHQ WKH VLPXODWHG DQG WKH
PHDVXUHGGRVHVZDVXVLQJWKHS\UDPLGILHOGIRU,0'757DVZHOODV
VWDWLF ,057 7KH VLPXODWHG DQG PHDVXUHG ,0'757 SURILOHV ZHUH
UHSUHVHQWHG LQ )LJ  8VLQJ WKH FOLQLFDO ,057 ILHOG WKH GLIIHUHQFH
EHWZHHQ WKH VLPXODWHG DQG WKH PHDVXUHG GRVHV IRU ,0'757 ZDV OHVV
WKDQLQWKHPRVWDUHDVH[FHSWWKHKLJKGRVHJUDGLHQW,QWKHFOLQLFDO
VLPXODWLRQ WDUJHWFRYHUDJHZDVQHDUO\HTXDO IRUERWKSODQV7KHQ WKH
PHDQGRVHGLIIHUHQFHVEHWZHHQ WKH ,0'757DQG WKH VWDWLF ,057SODQV
IRU VWRPDFK DQG GXRGHQXP ZHUH DSSUR[LPDWHO\  DQG  7KH
GHOLYHUHGGRVHWRRUJDQDWULVNFRXOGEHGHFUHDVHGE\,0'757ZKLOHWKH
SUHVFULEHGKLJKGRVHFRXOGEHGHOLYHUHGWRWKHWDUJHW

&RQFOXVLRQV 7KLV VWXG\ KDV GHPRQVWUDWHG RXU SURSRVHG V\VWHP KDV
DFFHSWDEOH DFFXUDF\ IRU ,0'757XVLQJ WKH9HUR'57 DQG FDSDELOLW\ WR
VLPXODWHDFOLQLFDO,0'757SODQ
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$0RQWH&DUORYHULILFDWLRQWRROIRUG\QDPLFWUDMHFWRU\UDGLRWKHUDS\
0. )L[ ' )UDXFKLJHU / +HQULFK 0 6DVVRZVN\ ' )UHL '
7HUULELOLQL30DQVHU
'LYLVLRQ RI 0HGLFDO 5DGLDWLRQ 3K\VLFV DQG 'HSDUWPHQW RI 5DGLDWLRQ
2QFRORJ\ ,QVHOVSLWDO %HUQ 8QLYHUVLW\ +RVSLWDO DQG 8QLYHUVLW\ RI %HUQ
%HUQ6ZLW]HUODQG

3XUSRVH2EMHFWLYH :LWKLQ WKH ODVW FRXSOH RI \HDUV YROXPHWULF
PRGXODWHG DUF WKHUDS\ 90$7 LV RI LQFUHDVLQJ LQWHUHVW LQ UDGLDWLRQ
RQFRORJ\ 8VLQJ 90$7 GHOLYHU\ WHFKQLTXH JDQWU\ SRVLWLRQ PXOWL OHDI
FROOLPDWRU 0/& DV ZHOO DV GRVH UDWH FKDQJH G\QDPLFDOO\ GXULQJ WKH
DSSOLFDWLRQ OHDGLQJ WR HIILFLHQW DQG FRQIRUPDO GRVH GHOLYHU\ WR WKH
SDWLHQW +RZHYHU LQ SULQFLSDO DGGLWLRQDO FRPSRQHQWV FDQ EH FKDQJHG
G\QDPLFDOO\ WKURXJKRXW WKHGRVHGHOLYHU\ VXFKDV WKHFROOLPDWRURU WKH
FRXFK7KXVWKHGHJUHHVRIIUHHGRPLQFUHDVHDOORZLQJDOPRVWDUELWUDU\
G\QDPLF WUDMHFWRULHV IRU WKH EHDP :KLOH WKH GRVH GHOLYHU\ RI VXFK
G\QDPLFWUDMHFWRULHVIRUOLQHDUDFFHOHUDWRUVLVWHFKQLFDOO\SRVVLEOHWKHUH
LVFXUUHQWO\QRGRVHFDOFXODWLRQDQGYDOLGDWLRQWRRODYDLODEOH7KXVWKH
DLPRIWKLVZRUNLVWRGHYHORSDGRVHFDOFXODWLRQDQGYHULILFDWLRQWRROIRU
G\QDPLFWUDMHFWRULHVXVLQJ0RQWH&DUOR0&PHWKRGV

0DWHULDOVDQG0HWKRGV,QDILUVWVWHSWKHGRVHFDOFXODWLRQIRUG\QDPLF
WUDMHFWRULHV LV LPSOHPHQWHG LQ WKH SUHYLRXVO\ GHYHORSHG 6ZLVV 0RQWH
&DUOR 3ODQ 60&3 >@ 60&3 LQWHUIDFHV WKH WUHDWPHQW SODQQLQJ V\VWHP
(FOLSVH ZLWK D 0& GRVH FDOFXODWLRQ DOJRULWKP DQG LV DOUHDG\ DEOH WR
KDQGOHG\QDPLF0/&RUJDQWU\URWDWLRQV+HQFHWKHDGGLWLRQDOG\QDPLF
FRPSRQHQWV QDPHO\ WKH FROOLPDWRU DQG WKH FRXFK DUH GHVFULEHG
VLPLODUO\ WR WKHG\QDPLF0/&E\GHILQLQJGDWDSDLUVRISRVLWLRQVRI WKH
G\QDPLF FRPSRQHQW DQG WKH FRUUHVSRQGLQJ 08IUDFWLRQV ,Q D VHFRQG
VWHS WKH QHZ WRRO LV YDOLGDWHG )RU WKLV SXUSRVH PHDVXUHPHQWV DUH
SHUIRUPHG ZLWK WKH 'HOWD SKDQWRP XVLQJ WKH GHYHORSHU PRGH RQ D
7UXH%HDP OLQHDU DFFHOHUDWRU 7KHVH PHDVXUHG GRVH GLVWULEXWLRQV DUH
WKHQ FRPSDUHG ZLWK WKH FRUUHVSRQGLQJ FDOFXODWLRQV XVLQJ 60&3 )LUVW
VLPSOHFDVHVDSSO\LQJRQHGLPHQVLRQDOPRYHPHQWVDUH LQYHVWLJDWHGDQG
VHFRQGPRUHFRPSOH[G\QDPLFWUDMHFWRULHVZLWKVHYHUDOVLPXOWDQHRXVO\
PRYLQJFRPSRQHQWVDUHFRPSDUHG

5HVXOWV 7KH GRVH FDOFXODWLRQ IRU G\QDPLF WUDMHFWRULHV LV VXFFHVVIXOO\
LPSOHPHQWHG LQWR 60&3 7KH FRPSDULVRQV EHWZHHQ WKH PHDVXUHG DQG
FDOFXODWHG GRVH GLVWULEXWLRQV IRU WKH VLPSOH DV ZHOO DV IRU WKH PRUH
FRPSOH[ VLWXDWLRQV VKRZDQ DJUHHPHQWZKLFK LV JHQHUDOO\ZLWKLQ  RI
WKHPD[LPXPGRVHRUPP7KHUHTXLUHGFRPSXWDWLRQWLPHIRUWKHGRVH
FDOFXODWLRQ UHPDLQV WKH VDPH ZKHQ WKH DGGLWLRQDO G\QDPLF PRYLQJ
FRPSRQHQWVDUHLQFOXGHG

&RQFOXVLRQV7KH UHVXOWV REWDLQHG IRU WKH GRVH FRPSDULVRQV IRU VLPSOH
DQG FRPSOH[ VLWXDWLRQV VXJJHVW WKDW WKH H[WHQGHG 60&3 LV DQDFFXUDWH
DQGHIILFLHQWYHULILFDWLRQWRROIRUG\QDPLFWUDMHFWRU\UDGLRWKHUDS\7KLV
ZRUNZDVVXSSRUWHGE\9DULDQ0HGLFDO6\VWHPV
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